A number of cyclic oligosaccharides have been produced by enzymatic methods. [1] [2] [3] Among them, cyclomaltodextrins (CDs) are the most widely known and best studied cyclic oligosaccharides. CDs consist of -1,4-linked 6-, 7-, and 8-glucopyranose units, usually referred to as -, -, and -CDs respectively. They are synthesized enzymatically from starch by the action of cyclomaltodextrin glucanotransferase (CGTase) [EC 2.4.1.19]. [4] [5] [6] CDs are not normally hydrolyzed by exotype enzymes, but cyclomaltodextrinase (CDase) [EC 3.2.1.54] can hydrolyze them. CDase was first identified in Bacillus maceranse, 7) and it has been studied in various microorganisms. [8] [9] [10] Fiedler et al. reported a starch utilization pathway via CDs in Klebsiella oxytoca M5a1. 11) This pathway included extracellular synthesis of CDs from starch by CGTase, uptake of CDs by a specific system, intracellular linearization of CDs by CDase, and degradation of the resulting maltooligosaccharides by maltodextrin phosphorylase and amylomaltase.
Recently, we isolated a bacterial strain, Arthrobacter globiformis M6, from soil. This strain produces nonreducing oligosaccharides from starch. 12) Structural analysis showed that the nonreducing oligosaccharide produced by this strain is a novel cyclic tetrasaccharide that differs from cycloalternan 13) , has a unique structure. Its four glucose residues are joined by alternate -1,4 and -1,6 linkages. We have purified the CMM-forming enzyme, 6--maltosyltransferase (6MT), from a culture supernatant of A. globiformis M6. 14) It was found that 6MT catalyzes both intermolecular and intramolecular -1,6-maltosyl transfer reactions, synthesizing CMM from starch. We have determined the mechanism of extracellular synthesis of CMM, but the degrading pathway remains unknown.
Our preliminary experiment showed that A. globiformis M6 grew well in a medium with CMM as the sole y To whom correspondence should be addressed. Tel: +81-86-276-3142; Fax: +81-86-276-8670; E-mail: Tmori@hayashibara.co.jp carbon source. During cultivation, CMM rapidly disappeared from the culture supernatant, but the degradation products of CMM were not detected in the supernatant (data not shown). These results suggest that CMM is incorporated into the cell and degraded to glucose. In reference to the known metabolic pathway of CDs in Klebsiella oxytoca M5a1, we believe that the involvement of enzymes is necessary to the degradation of CMM to glucose in A. globiformis M6 as well. Hence we tried to identify the enzymes involved in the degradation of CMM to glucose from the cell-free extract of the strain and identified CMM hydrolase (CMMase) and -glucosidase as the responsible enzymes. In this paper, we describe the purification and characterization of these enzymes. Furthermore, we propose a potential degradation pathway of CMM in this strain.
Materials and Methods
Saccharides. The saccharides and their suppliers were as follows: partially hydrolyzed starch, Pinedex #100 (dextrose equivalent 2 to 5), from Matsutani Chemical Industry (Itami, Japan); methyl--D-glucopyranoside and methyl--D-glucopyranoside from Tokyo Chemical Industry (Tokyo); p-nitrophenyl--D-glucopyranoside (pNPG), p-nitrophenyl--D-glucopyranoside (pNPG), and cellobiose from Nacalai Tesque (Kyoto, Japan); nigerose from Sigma (St. Louis, MO); sucrose from Wako Pure Chemicals (Osaka, Japan); soluble starch from Katayama Chemical (Osaka, Japan); and dextran T-20 from GE Healthcare UK (Buckinghamshire, UK). Maltooligosaccharides, trehalose, neotrehalose, kojibiose, isomaltose, isomaltotriose, maltitol, panose, isopanose, CMM, 6
2 -O--maltosyl-maltose (maltosylmaltose), 15) isocyclomaltopentaose (ICG5), 16, 17) cyclodextrins (degree of polymerization or DP, 6, 7, or 8), amylose EX-I (average DP, 17), and pullulan were prepared in our laboratory.
Culture conditions and enzyme purification. A. globiformis M6 isolated from soil was used in this study. 12) The bacterial strain was cultured at 27 C for 3 d in a medium composed of 3.0% Pinedex #100, 3.6% Hi-NUTE SMS (Fuji Oil, Osaka, Japan), 0.1% K 2 HPO 4 , 0.06% NaH 2 PO 4 . 2H 2 O, 0.05% MgSO 4 . 7H 2 O, and 0.3% CaCO 3 (pH 6.8). After removal of the supernatant by centrifugation at 10;000 Â g for 20 min, the cells were used in enzyme purification. Unless otherwise stated, all the purification processes were carried out at 4 C. The steps for enzyme purification were as follows:
Step 1. Preparation of cell-free extract. The cells were resuspended in 20 mM Tris-HCl buffer (pH 7.5) containing protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). They were then disrupted by ultrasonication with a sonifier (model US300; Nihon Seiki, Nagaoka, Japan). The cell debris was removed by centrifugation at 15;000 Â g for 15 min. The supernatant obtained was dialyzed against 20 mM Tris-HCl buffer (pH 7.5). Insoluble aggregate was removed by centrifugation at 15;000 Â g for 15 min, and the supernatant was used as cell-free extract.
Step 2. DEAE-Toyopearl 650S column chromatography. The cell-free extract was loaded on a DEAEToyopearl 650S column (2:5 Â 45 cm; Tosoh, Tokyo) equilibrated with 20 mM Tris-HCl buffer (pH 7.5), and the adsorbed enzyme was eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 2.0 ml/ min. Twenty ml of eluates were fractionated. The fractions with CMMase activity (fractions 72 and 73) and those with -glucosidase activity (fractions 35 and 36) were pooled separately. The activities of the CMMase and -glucosidase of each fraction were detected according to the method described below in the section on enzyme activity. CMMase and -glucosidase were separately purified, as outlined in steps 3 and 4 below.
Step 3. Butyl-Toyopearl 650M column chromatography. Solid ammonium sulfate was added to the CMMase solution obtained in step 2, to reach a final concentration of 1 M. Then the solution was loaded on a Butyl-Toyopearl 650M column (1 Â 10 cm; Tosoh) equilibrated with 20 mM Tris-HCl buffer (pH 7.5) containing 1 M ammonium sulfate. The adsorbed protein was eluted with a linear gradient of 1 to 0 M ammonium sulfate in the same buffer at a flow rate of 0.5 ml/min. Two ml eluates were fractionated. The fractions with CMMase activity (fractions 29-34) were pooled.
-Glucosidase was purified according to the method described above, and the fractions with -glucosidase activity (fractions 27-30) were pooled.
Step 4. DEAE-5PW column chromatography. The pooled CMMase solution from step 3 was diluted 10-fold with 20 mM Tris-HCl buffer (pH 7.5). The solution was loaded on a DEAE-5PW column (0:75 Â 7:5 cm; Tosoh) equilibrated with 20 mM Tris-HCl buffer (pH 7.5), and the adsorbed enzyme was eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 0.5 ml/min. The eluates were fractionated by 1.0 ml. The fractions with CMMase activity (fractions 59 and 60) were combined as a purified enzyme preparation. -Glucosidase was purified in the manner described above, and the fractions with -glucosidase activity (fractions 27-29) were combined as a purified enzyme preparation.
Physical measurements and N-terminal amino acid residue sequencing. The protein concentration was determined by the Bradford method using bovine serum albumin as the standard protein.
18) Native polyacrylamide gel electrophoresis (native PAGE) was performed according to the Davis method. 19) The molecular mass of the enzyme was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and gel filtration chromatography, as follows: SDS-PAGE was performed on a 5 to 20% gradient gel by the Laemmli method, 20) and the proteins were stained with Coomassie Brilliant Blue R-250 (Fluka, Buchs, Switzerland). Gel filtration chromatography was performed using a high-performance liquid chromatography (HPLC) system equipped with a HiLoad 16/60 Superdex 200 prep grade column (1:6 Â 60 cm; GE Healthcare UK) equilibrated with 0.05 M phosphate buffer (pH 7.0) containing 0.15 M NaCl, and eluted with the same buffer at a flow rate of 0.5 ml/min at 4 C. In sequencing of the N-terminal amino acid residues, automated Edman degradation 21) and identification of PTH-amino acids were performed on an ABI Procise 492HT protein sequencer (Applied Biosystems, Foster City, CA).
Enzyme activity. To determined the enzyme activity of CMMase, the enzyme solution (0.2 ml) was added to the substrate solution (1.0 ml) containing 6.0% CMM, 50 mM acetate buffer (pH 6.0), and 1 mM CaCl 2 . After incubation at 25 C for 60 min, the reaction was stopped by boiling for 10 min. The amount of resulting reducing sugar was determined by the Somogyi-Nelson method. 22, 23) One unit of CMMase activity was defined as the amount of enzyme that increases the reducing power corresponding to that of 1 mmol of glucose per min. The enzyme activity of -glucosidase was determined as follows: The enzyme solution (0.1 ml) was added to the substrate solution (1.0 ml) containing 1.1% maltose, 50 mM Tris-HCl buffer (pH 7.5), and 1 mM CaCl 2 . After incubation at 40 C for 20 min, the reaction was stopped by boiling for 10 min. The liberated glucose was determined by the glucose oxidase-peroxidase method. 24) One unit of enzyme activity was defined as the amount of enzyme that produces 2 mmol of glucose per min.
To determine the effect of metal ions and EDTA on the activity of the enzymes, 1.0 mM of these different reagents was added to each substrate solution containing the enzyme (0.1 units/ml each) instead of CaCl 2 , and then the enzyme activity was determined under the conditions described above.
Effects of pH and temperature on the activity and stability of the enzymes. The effects of pH and temperature on the activity of the enzymes (0.2 units/ml of CMMase or 0.1 units/ml of -glucosidase) were examined according to the method described above, in the section on enzyme activity, but Britton Robinson buffer (pH 3.0-10.0) was used to examine the effect of pH, and temperature was modified to the range of 10 to 60 C to determine the effect of temperature. To examine the pH stability of the enzymes, the enzymes were incubated at 4 C for 24 h at various pH values, and the residual activity was determined according to the method described above in the section on enzyme activity. To examine thermal stability, CMMase (0.2 units/ml) in 50 mM acetate buffer (pH 6.0) or -glucosidase (0.1 units/ml) in 50 mM Tris-HCl buffer (pH 7.5) was incubated at various temperatures (10-60 C) for 60 min and then immediately cooled. The remaining activity was measured according to the method described above in the section on enzyme activity.
Substrate specificities of the enzymes. The reactivity of the enzymes against various substrates was determined as follows: In the case of CMMase, a 1% substrate such as methyl--D-glucopyranoside, methyl--D-glucopyranoside, pNPG, pNPG, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose, maltoheptaose, trehalose, neotrehalose, kojibiose, nigerose, isomaltose, isomaltotriose, cellobiose, sucrose, maltitol, panose, isopanose, CMM, maltosyl-maltose, ICG5, cyclodextrins, amylose, soluble starch, pullulan, or dextran in 25 mM acetate buffer (pH 6.0) was incubated with the purified enzyme (0.1 units/ml) at 20 C for 24 h. To determine the reactivity of -glucosidase, 1% substrate as described above in 25 mM Tris-HCl buffer (pH 7.5) was incubated with the purified enzyme (0.1 units/ml) at 35 C for 24 h. The reaction products were analyzed by HPLC using a system equipped with an ODS AQ-303 column (0:46 Â 25 cm; YMC, Kyoto, Japan) and eluted with water at a flow rate of 0.5 ml/min at 40 C. CMM and panose contents were analyzed using the same HPLC system equipped with MCI GEL CK04SS columns (1 Â 20 cm; Mitsubishi Chemical, Tokyo), which were connected in tandem, and eluted with water at a flow rate of 0.4 ml/min at 80 C. The relative activity of -glucosidase against various substrates was determined as follows: Five mM of a substrate such as maltose, isomaltose, maltotriose, panose, maltotetraose, or maltosyl-maltose in 25 mM Tris-HCl buffer (pH 7.5) was incubated with the purified enzyme (0.1 units/ml) at 40 C for 20 min. The amount of glucose liberated was determined by the glucose oxidase-peroxidase method. 24) Analysis of the degradation process of CMM. To examine the effect of CMMase on CMM, 1% of CMM was incubated with the purified enzyme (1.0 units/ml) in 50 mM Tris-HCl buffer (pH 7.0) at 20 C for 48 h. The effect of -glucosidase on maltosyl-maltose was determined as follows: One percent maltosyl-maltose was incubated with the purified enzyme (0.1 units/ml) in the same buffer at 20 C for 48 h. To examine the synergistic effect of CMMase and -glucosidase on CMM, the enzymes (0.1 units/ml each) were reacted with 1% CMM under the conditions described above. Aliquots were taken at various time intervals, and the reaction was terminated by boiling for 10 min. The sugar contents of the aliquots were analyzed by HPLC.
Results and Discussion
Enzyme purification from cell-free extract of A. globiformis M6
The cell-free extract of A. globiformis M6 was incubated with CMM in 20 mM Tris-HCl buffer (pH 7.0) and the products were analyzed by thin-layer chromatography (TLC). As shown in Fig. 1 , most of the CMM was degraded to glucose. This result suggests that CMM-degrading activity exists in the cell-free extract of the strain. Hence we tried to purify the CMM-degrading enzyme from the cell-free extract. As the first step in purification, the proteins in the cell free extract were separated with a DEAE-Toyopearl 650S column. All the fractions were examined for reactivity to maltooligosaccharides, soluble starch, and CMM. Fractions 35 and 36 exhibited degrading activity towards maltooligosaccharides, and especially towards maltose. These fractions also degraded pNPG and liberated glucose. Hence we concluded that these fractions containedglucosidase. Conversely, CMMase activity was noted in fractions 72 and 73. These fractions produced maltosylmaltose from CMM, but they did not produce glucose. We concluded that these fractions contained CMMase. The other fractions did not act on the saccharides mentioned above. Hence we tried to purify -glucosidase and CMMase independently from the indicated fractions through several column chromatographies. The results for the purification of CMMase and -glucosidase are summarized in Table 1 and Table 2 respectively. Native PAGE analysis of each purified enzyme showed a single protein band. The CMMase enzyme was purified 199-fold with a yield of 27.8% and a specific activity of 20.7 units per mg of protein, whereas the -glucosidase enzyme was purified 82.2-fold with a yield of 11.4% and a specific activity of 8.3 units per mg of protein.
Physical and enzymatic properties of CMMase
The molecular mass of CMMase was estimated to be 48.6 kDa by SDS-PAGE (Fig. 2) , and 136 kDa by gel filtration column chromatography (data not shown). These results suggest that the enzyme exists as a trimer under native conditions. The N-terminal sequence up to the 20th residue was MTAPDWLADAVFYQIFPERF. The effects of pH and temperature on enzyme activity and stability were determined as follows: The enzyme had an optimal pH of 6.5 and was stable in a pH range of 5.5 to 8.0 when kept at 4 C for 24 h. The optimum temperature for the enzyme activity was 30 C. The enzyme was stable up to 25 C when heated at various temperatures for 60 min at pH 6.5. The effects of metal ions and EDTA on the activity are shown in Table 3 . The enzyme activity was inhibited strongly by Cu 2þ , Hg 2þ , and Pb 2þ (residual activity, 0-17%). Mn 2þ and Zn 2þ moderately inhibited its activity (64-67%). Conversely, Al 3þ , Fe 2þ , and Fe 3þ slightly enhanced its activity (124-129%). Other metal ions and EDTA had almost no effect. As shown in Table 4 , CMMase degraded CMM most efficiently (hydrolysis ratio, 99.4%) and produced maltosyl-maltose or maltose. Isopanose, maltosyl-maltose, and pullulan were also good substrates for the enzyme (28.7-76.2%). Isopanose was degraded to glucose and maltose. Maltosyl-maltose and pullulan were degraded to maltose and maltotriose respectively. These results indicate that CMMase hydrolyzes the -1,6-linkage of the substrates. In our previous study, the reactivity of various enzymes for CMM was examined. 12) Among the enzymes, only isomaltodextranase from A. globiformis T6 25, 26) hydrolyzed CMM and produced isomaltose. Isomalto-dextranase is One percent of each substrate solution in 25 mM acetate buffer (pH 6.0) was incubated with 0.1 units/ml of CMMase at 20 C for 24 h. One percent of each substrate solution in 25 mM Tris-HCl buffer (pH 7.5) was incubated with 0.1 units/ml of -glucosidase at 35 C for 24 h. The hydrolysis ratios of substrate and the molar ratios of products were determined by HPLC. ND, not detected. the enzyme that hydrolyzed the -1,4-linkage of CMM. CMMase is obviously different from isomalto-dextranase, since unlike isomalto-dextranase, it hydrolyzed the -1,6-linkage of CMM and produced maltosyl-maltose or maltose. As far as we know, CMMase is the only enzyme that hydrolyzes the -1,6-linkage of CMM.
Reactivity of CMMase for various substrates
CMMase was originally identified as the enzyme that hydrolyzes the -1,6-linkage of CMM. In the reactivity analysis, we found interesting reactions of CMMase with several substrates. CMMase exhibited hydrolytic activity towards the -1,6-linkage of some substrates, including CMM. As shown in Table 4 , CMMase exhibited pullulanase-like activity in that it degraded pullulan to maltotriose. However, CMMase differs from pullulanase, since, unlike pullulanase, it degrades CMM and isopanose and does not degrade soluble starch. Furthermore, CMMase exhibited hydrolytic activity against the -1,6-linkage of ICG5 [Isocyclo-
ICG5 is a novel cyclic pentasaccharide that was identified in our laboratory. 16, 17) We found that ICG5 was synthesized from starch by the action of the ICGforming enzyme, IGTase (isocyclomaltooligosaccharide glucanotransferase), of Bacillus circulans AM7, but the degrading enzyme for ICG5 remains unknown. Reactivity analysis of CMMase showed that the enzyme degraded ICG5 and produced small amounts of maltopentaose. As far as we know, CMMase is the only enzyme that hydrolyzes the -1,6-linkage of ICG5.
Although CMMase was originally identified as the enzyme that hydrolyzes the -1,6-linkage of CMM, it is also known slightly to hydrolyze the -1,4-linkage of some maltooligosaccharides. The enzyme degraded maltotetraose (hydrolysis ratio, 4.2%) and maltopentaose (1.8%), whereas it did not act on maltose, maltotriose, maltohexaose, or maltoheptaose. CMMase reactivity might be connected with the DP of the substrates. We are as yet unable to explain the reason for the hydrolyzation of -1,4-linkages of maltotetraose and maltopentaose by CMMase. The reactivity of CMMase with maltotetraose and maltopentaose is weaker than with CMM, maltosyl-maltose, or isopanose. We believe that the major activity of CMMase is to hydrolyze the -1,6-linkage. Crystal and mutational analysis of CMMase should provide insight into the relationship between structure and substrate specificity.
Physical and enzymatic properties of -glucosidase
The molecular mass of -glucosidase was determined to be 60.1 kDa by SDS-PAGE (Fig. 2) , and 69.5 kDa by gel filtration column chromatography. These results suggest that the enzyme exists as a monomer under native conditions. The N-terminal sequence up to the 12th residue was SHTIERPSRLDT. The effects of pH and temperature on the activity and stability of the enzyme were determined as follows: -Glucosidase had an optimal pH of 7.0 and was stable in a pH range of 7.0 to 9.5 when kept at 4 C for 24 h. The optimum temperature for the enzyme was 35 C. The enzyme was stable up to 35 C when heated at various temperatures for 60 min at pH 7.5. The effects of metal ions and EDTA on the activity are shown in Table 3 . The enzyme activity was strongly inhibited by Co 2þ , Cu 2þ , Hg 2þ , Ni 2þ , Pb 2þ , and Zn 2þ (residual activity, 1.4-15%). Al 3þ , Fe 2þ , and Fe 3þ moderately inhibited its activity (49-57%). Other metal ions and EDTA had almost no effect on the enzyme activity. As shown in Table 4 , maltose, panose, and maltosylmaltose are the preferable substrates for -glucosidase (hydrolysis ratio, 98.3-99.7%). This enzyme did not degrade CMM at all. As for saccharides with two glucose residues, the enzyme hydrolyzed neotrehalose (,-1,1-linkage), kojibiose (-1,2-linkage), nigerose (-1,3-linkage), and maltose (-1,4-linkage), but it did not hydrolyze trehalose (,-1,1-linkage) or isomaltose (-1,6-linkage). Enzyme activity was weaker with neotrehalose, kojibiose, and nigerose than with maltose. Although the enzyme did not degrade isomaltotriose, which consists of three glucose residues joined only by the -1,6-linkage, it degraded panose to glucose efficiently. This result indicates that the enzyme hydrolyzes the -1,6-linkage at the non-reducing end, which is next to the -1,4-linkage.
The relative activity of -glucosidase against maltose, panose, and maltosyl-maltose was greater than against isomaltose, maltotriose, or maltotetraose (Table 5) . It appeared that the enzyme is specialized in hydrolyzing maltosyl-maltose (a lineared molecule of CMM) and its partial structures (panose and maltose).
Analysis of the degradation process of CMM by the enzymes
First we examined changes in sugar content during the degradation of CMM by CMMase. Maltosyl-maltose transiently increased up to 74.0% in 4 h, and then decreased. Maltose increased during the experiment time and increased to 91.6% at 48 h. Glucose was not detected during the experiment time (Fig. 3A) . Next we Five mM of each substrate in 25 mM Tris-HCl buffer (pH 7.5) was incubated with -glucosidase (0.1 units/ml) at 40 C for 20 min. The liberated glucose was measured by the glucose oxidase-peroxidase method. Data were normalized relative to maltose. ND, not detected. examined changes in sugar content during the degradation of maltosyl-maltose by -glucosidase to gain a better understanding of the reaction profile of the enzyme, because the enzyme did not degrade CMM but degraded maltosyl-maltose to glucose (Table 4) . Maltosyl-maltose was degraded rapidly, and panose, glucose, and a small amount of maltose were generated (Fig. 3B) . This result indicates that maltosyl-maltose was degraded to glucose by the action of -glucosidase via panose and maltose as intermediates. Based on the results of CMM and maltosyl-maltose degradation as described above, we assumed that CMM is degraded to glucose by the synergistic action of these two enzymes. Hence we examined the synergistic action of CMMase and -glucosidase against CMM. The sugar content of the reaction mixture containing CMM, CMMase, and -glucosidase was analyzed simultaneously (Fig. 3C) . CMM, maltosyl-maltose, panose, glucose, and a small amount of maltose were detected in the reaction mixture. This result indicates that CMM is degraded to glucose by the synergistic action of CMMase and -glucosidase.
On the basis of the results shown in Fig. 3A and B, we hypothesized that two degradation pathways of CMM exist in A. globiformis M6. In one pathway, CMM is degraded to glucose via maltosyl-maltose and maltose as intermediates. In the other pathway, CMM is degraded to glucose via maltosyl-maltose, panose, and maltose as intermediates, although, as shown in Fig. 3C , the amount of maltose was low during the degradation of CMM by the synergistic action of CMMase andglucosidase. From this result, we assumed that maltosylmaltose was degraded more rapidly to panose byglucosidase than to maltose by CMMase. Hence we hypothesized that the latter is the main pathway of CMM degradation. Based on this idea, we propose a degradation pathway of CMM by the synergistic action of CMMase and -glucosidase (Fig. 4) . First, CMMase A, Effects of CMMase on CMM degradation. One percent CMM in 50 mM Tris-HCl buffer (pH 7.0) containing 1 mM CaCl 2 was incubated with CMMase (1.0 units/ml) at 20 C for 48 h. B, Effects of -glucosidase on maltosyl-maltose degradation. One percent maltosyl-maltose in 50 mM Tris-HCl buffer (pH 7.0) containing 1 mM CaCl 2 was incubated with -glucosidase (0.1 units/ml) at 20 C for 48 h. C, Effects of CMMase and -glucosidase on CMM degradation. One percent CMM in 50 mM Tris-HCl buffer (pH 7.0) containing 1 mM CaCl 2 was incubated with CMMase (0.1 units/ml) and -glucosidase (0.1 units/ml) at 20 C for 48 h. The enzyme reactions were stopped at the indicated points. The sugar composition was analyzed by HPLC. Symbols: , CMM; , maltosyl-maltose; , maltose; , panose; , glucose. degrades CMM to maltosyl-maltose. Next, -glucosidase degrades maltosyl-maltose to glucose as a final product via panose and maltose as intermediates. Thus CMM is degraded to glucose by the synergistic action of CMMase and -glucosidase.
Hashimoto et al. 27) reported that Thermococcus sp. strain B1001 possesses five genes, including a gene encoding CGTase (cgtA), a gene homolog encoding CDase (cgtB), a gene homolog for CD-binding protein (CBP) (cgtC), and genes for two components of putative CBP-dependent ATP-binding cassette transporter (cgtDE). The four genes of cgtBCDE are adjacent to cgtA. CGTase synthesizes CDs from starch extracellularly, and the resulting CDs are transported into the cell by the function of a transporter. Finally, CDase degrades the CDs intracellularly. Fiedler et al.
11) also reported the extracellular synthesis, transmembrane uptake, and intracellular degradation of CDs by Klebsiella oxytoca strain M5a1. We believe that A. globiformis M6 might have a similar metabolic pathway for starch via CMM comparable to the pathway for starch via CDs in Thermococcus sp. strain B1001 and Klebsiella oxytoca M5a1.
We are currently working on cloning the genes encoding the enzymes CMMase and -glucosidase. We expect that through this research, the starch utilization mechanisms via CMM will be identified.
